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FOREWORD 
This document presents the results of work performed 
by Lod(h~ed IS Huntsville Research & Engineering Center. This 
work was carried out under Contract NAS8- 33976, .. Liquid 
Booster Module (LBM) Plume Flowfield Model," for NASA-
Marshall Space Flight Center. The NASA Contracting Officer IS 
Representative for this study was Dr. T. F. Greenwood, ED33. 
This document, along with pr.evious delivered reports, constitutes 
fulfillment of Contract NAS8- 33976. 
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SUMMARY 
Thil'l report describes the analysis and exhaust plume structure of the 
Liquid Booster Module (LBM) motors at sea level through LBM separation. 
A complete definition of the LBM plume is important for many Shuttle design 
criteria. The exhaust plume shape has a significant effect on the vehicle 
base pressure. The LBM definition is also important to the Shuttle base 
heating, aerodynamics and the influence of the exhaust plume on the launch 
stand and environment. For these reasons and perhaps others, a knowledge 
of the LBM exhaust plunlc characteristics is necessary. 
This document presents a definition of the sea level LBM plume as 
well as at several points along the Shuttle trajectory to LBM burnout. 
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1. ANALYSIS AND CALCU LA TION PROCEDURE 
This section discusses the methodology and calculational procedures 
which were used to define the LBM exhaust plume characteristics. The 
assessment of the LBM plume effects on the Space Shuttle base radiation is 
given in Ref. I . 
1.1 lNVlSClD NOZZLE/PLUME 
The inviscid nozzle and plume solutions were calculated using the 
Lockheed-Huntsville Method-of-Characteristics (MOC) Program (Ref. Z). 
The nozzle/plume solution was initiated at the throat assuming a Mach 
number of 1.01. an oxidizer to fuel ratio of Z and a chamber pressure of 
809 psia. The LBM motor is the Aerojet LR87 -11 with a 15:1 area ratio. 
The nozzle contour is given in Table 1. The propellants of this motor are 
N z.0 4/MMH. The chemistry of the propellant was taken to be equilibrium 
to a pressure of 3l psia at which pOint the exhaust products were assumed 
to be frozen. The thermodynamic properties of the combustion products 
were determined using the NASA- Lewis TRAN"Z. code (Ref. 3). A tabula-
tion of the NASA- Lewis results which was used by the MOC program in the 
inviscid analysis are presented in Table z.. 
1.2. VISCOUS PLUME 
A viscous plume was calculated at sea level only. The viscous LBM 
plume was calculated using the LAMP program (Ref. 4). The method used 
to calculate the viscous plume is the same as described in Refs. 5 and 6 
except that the jet properties were determined be expanding the average 
flow properties M the exit to 1 atm using the method of Sukanek (Ref. 7). 
The viscous results were then superimposed on the invilcid plume out to 
approximately 37 ft from the exit at which point the plume became totally 
viscous. 
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Z. RESULTS 
Z.l SEA LEVEL LBM PLUME 
Figures 1 through 5 present the flow properties of the inviscid/viscous 
sea level LBM plume. Figures I through 4 present radial distributions of 
flow properties at various axial stations downstream of the nozzle exit plane. 
Figure 1 presents Mach number distribution. Figure Z shows static pre. sure 
distribution. Figure 3 gives static temperature distribution. and FiJI •• shows 
pitot total pressure distribution. Figure 5 presents the centerline pilot pres-
sure distri bution from 50 to 500 ft from the nozzle exit plane. 
Z.Z ALTITUDE PLUME EFFECTS 
Figures 6 through 9 present the results of altitude variations on the 
LBM exhaust plume. Plumes were generated at 50.000. 100,000. 145.000 ft 
(SR B separation) and 160,000 ft ( .13M cutoff). Each plume was generated 
assuming that the plume boundarr conditions were quiescent (back pressure 
'" ambient pressure) as well as the inclusion of the dynamic pressure contri-
bution. For applications in which the near field plume is the design driver 
then the quiescent plume plume should be used. For plume problems that 
arE' dominC\ted by far downstream properties than the plume that includes 
the dynamic pressure contribution in its boundary conditions should be used. 
Figure 6 presents the plume boundary shapl"s and shock locations at each of 
four altitudes for a single LBM exhaust plume assuming the freestream 
static pressure as a boundary condition. Figure 7 shows the same data 
except the freestream dynamic pressure is included in the bo\,ndary con-
ditions. Figure 8 presents the plume boundary shapes and shock locations 
for an equivalent LBM motor assuming the Creestream static pressure as 
a boundary conditiofl. The LBM concept uses two motors. An equivalent 
motor is a single engine having the same rna •• flow as two engine.. The 
4 
LOCKHEED· HU~TSVlllE Al~URCH , E~GI~HkING CE~TEA 
$ $ 
LM8C-HRIlC TR D7 ... 066 
!IIIlIIl 1111 'III 1:If! 
:;1 ,I; 
1!1I1 111! I'11 
I [ I ' II ' I · 
I I'" , [Pr.' 
1'111 
, 
'1!lr 
I ;I, 
o .. 6 8 10 Il 16 18 lO 
RacUal DI.tance from Plume Centerline (ft) 
Fig. 1 - Sea Level Liquid Boo.ter Module Ena1ne Exhau.t Plume Radial Mach Number DI.tt ibution 
5 
lOCllHllO , HUNTSVILL[ RuiNlcH • l NGINEERINC C[NTElI 
( RI("~ AL PAGE rS 
If POOH QVALrry 
~ 
-ftI 
III 
Q. 
&I 
'" :3 
III 
III 
4) 
'" 0.. 
u 
.... 
... 
ftI 
..., 
tI) 
Not B yond 37 it th static pre88ur 
is con tant at 1 atm. 
40 - -----. --+1--1. 
3 
2 
LMSC -HREC TR 0784066 
j . 
4 
R dial Distance from Plum C nt rlin (it) 
Fig.2 - 5 L 1 Liqu id 000 t r Modul En ine E.xhaust Plum 
Raui 1 St t i Pr ur Di tr ibuti o n 
6 
l KHElD · HUNTSVILLE R ~ ~R H , ENGIN t.£kI NG CENT R 
r-
,. 
z 
o 
% 
C 
Z 
.... 
V> 
~ 
rr-
~ 
lD ,., 
VI 
..., 
:. 
lD (') 
% 
~ 
,., 
Z 
e 
z 
]I: 
Z 
Cl 
n ,., 
z 
.... 
lD 
-., 
6000 
5000 
_I 
1 
I 
-- ; --
'---r--+--+ 
, - -! 
. 
_ 4 00" .-
~ 
~ 
:s 
.... 
10 
~ 
CI) 
3000 0. 
E 
CI) 
.... 
u 
... 
.... 
!" 
... 
til 2000 
- -. - -' ~ 
100 ft from Nozzle Exit - -! 
1000 
! i . I • 
400 ' , 
o 2. 4 6 8 10 12. 14 16 18 
Radial Dist ance from Plume Centerline (ft) 
Fig 3 - Sea Level Liquid Booster Module Engine Exhaust Plume Radial Static Temperature Dlatrlbutio.D 
t"" 
~ 
I 
:z: 
~ 
~ 
:u 
t) 
.... 
C» 
.. 
o 
0-
0-
-~ 
.... 
III 
0. 
~ 
... 
=' III 
III 
~ 
&: 
.... 
"' ... 0 
!-o 
... 
0 
... 
... 
~ 
:'1 . , -. .1.., I 
20 ft from Nozzle Exit ., I 
~=-t--+--r- I I 
zoo 
100 
50 
~~~~~~~~- - 60 
, 80 
100' 
.- -1--' 
LMSC -HREC TR 0784066 
-'--:-T 
I .-
--I-+--I----+-....... t 
I --r.~.-+--+ 
I 
I 
, 
I 
-+-~,-+-_-+ __ J 
I 
---l-'-+---l----t 
I . _j 
0~----~--~-~--~--~--~--~--~--~--____ ~--4_~ 
o Z 4 6 8 lZ 14 
R dl 1 Oi tan from Plum C nterline (!t) 
Fi .4 - 5 2. Level Liquid Boost r Modul Engin Exhaust Plume 
R dia I Pitot Tot 1 P r 8 Ul" Diatr ibutiona 
8 
I(H( O · HU NTSVIL LE R( SEAR H &. ENGIN l WINC, CE NT R 
IIU ;I ~: I 
If Pi \( 'I l ' I . , . . 
[ 
LMSC -HREC TR D784066 
.1 -J ll llll ~ : t li~ I-;"-- t1~P = (Pitot Pressure::' 14.696) psia 
or ' II I I ~ ill 1\ I p = Chamber Pressure (809 psia) 
, II I ! II t\ " ' 1\ ' II c 
I ,I", ' I, ~ l , ! ~\ ; IX = Axial Distance from Exit Plane (ft: 
, 'I ! ,II ,\ ,1\ 
........... -+++--+_' +' -+r \ -' ~ ' ·R E = Exit Radius (2.466 ft) I : ,~! 
, ,. , 1\ " '.' ,' ;:~ ., I; ' :.;: I-!.! !j. .:': 1-\ : l-I !' I' . _. . . ,. . I . , ' I · I ~ i t 1 
----~-r:-· ~+-~. l ~~:\~~+-~+-~·~~· ,~· h.:~u~:~! ·;~I~; -~+.;~-';~'; ~. ~+~r i~' 
" . , .. " '~ ', •.•. : ' ' . ;;~ · · -;T. i 1 J 
\ \ ! :-_ ... ,_., ·Ili.... ,····,·J·r ---+_-+~~~~~'-+~+4~---+~~~~~~~~H+H# 
'" .. :~\ .. \ :. ' -: i;~ ·;·r~,l!!T 1::;~ Ll i l~+ . 11 
I" '1.1 . ~ "r' •. ,. IL' t ';· I· !I . ::: -~--~-+-~~--~-+~~'~~---~~+-4--~ ~ ' .. \ 1 !." 1 ~I~I .. I :~: I:': !H~ t \U~ .. It "'j I' t .1 '; i II l. I It, 
.01~---+--+--!~---H~~· +"~I\~, r+~--~~~-;~--14· ~I ~··~rH~\~ 
\: . -\ , , il , II I 
1 . i , 
~ 1\ 1 t 
. , : \ \ : " . i 
... 
, . 
I ••• ~ , \ . , 1\ : ' I . ! 
\ , \ .... ~ ~ .. ..' -, ," .. , .!' , . • " " ' 1-, 
,\ 
.- r-
. \ -' 
\ \. .• I · 
, .. 
. , 
.001 
1 \ . , 
"",-
I 
I ! 
I \ ~. ~~\~\~. ;-~--~~++~ 
\: '1' I' 
.. \ ',' ~ II . . , ' 
.. . :~ i- ..:. 
r-----:-;I Ir-r--+-+ -t---+--t--+~--H-+--.~.~\+. --\,\-+--4-.+ .. -:...:+-rll .. :-+-"-,+-+ 
.0001L--...l.......,;..r,· _..L-..L-.L......:... •..;.J." ---I~-'-J......I...."----L..l· ~ . . _.. , I: :·j· 1 I I-
10 100 1000 
X/ RE 
Fig.5 - Sea Level Liq uid Booster Module Engin e C enterline Pitot 
Total Pres sur e Distribution 
9 
LOC KH EED , HUNTSVILLE RE SEARCH & [tjGINEER tNG CENTER 
.-
,.... 
~ 
,.; 
r ,., 
,., 
o 
r 
c 
z 
..... 
V> 
~ 
.-
.-,., 
~ ,., 
In ,., 
» 
~ 
n 
r 
goo 
,., 
z 
C'l 
Z 
r-,., 
To 
Z 
C'l 
n ,., 
z 
..... ,., 
~ 
-0 
-' 
~. 
70 
60 
-.... 
... 
a> 
c 
..... 
J.. ·50 
Il) 
... 
C 
III 
U 
~ 
E 40 
:l 
.... 
a. 
E 
0 
l- 30 
ll) 
u 
C 
nS 
.... 
CI) 
a 20 
--' 
.~ 
'0 
nS 
0:; 
10 
o 
o 
• u • -- ----~ 
r-----~------~----~------~---- .- ! -----. 
I i 
I 
Plume Boundary , .. 
--... .... -. ----- -- -. -
Boundary Shock 
-----------
- .~ 
! 
--~. - --' -- 160 K 
j 
-~ 
l. _ 
\\ \ L>' ...... : ... :JiIP""'-= ,;-= - - - --r 
- ... ---r 
\ \ /l I :::;;or""","""! 7.,r- . -1-
--I 
. i I I I I ' __ ~ __ • 
. - ; - . t ; I I 
- ; I I 
! i . ---T--- 1 I I -l--~---+--:-~J.1)'1~ ·~~:- - --- r - t -j -- i ---
I • _ ____ __ __ ~~~~~~~~{r'~=f=:=:~~~~~~~=-~~---- -' } ---- -+- -  
100 K 
'I - · ...:.... ·- i ---J \ 
-'---.:... - 4 -
--. 
1 
10 20 30 40 50 60 i O 100 
Axial Distance from Nozzle Exit Plane 
Fig.6 - Liquid B <:.Jster Module Single Engine Plume Boundaries at Several Altitudes Assuming 
Quiescent Boundary Conditions 
k 
en () 
I 
::c 
~ 
M 
() 
I-i 
::t:J 
o 
~ 
00 
• o 
0" 
0" 
r-
x 
Z ,., 
..., 
o 
z 
c 
z 
... 
V> 
< 
r 
r ,., 
'" 
,., 
» 
'" (') Z 
II-
,.., 
Z 
C'l 
Z 
~ 
.... 
~ 
z 
C'l 
(') 
,., 
Z 
-0 
.., 
'" 
..... 
... 
..... 
c: 
. ~ 
... 
III 
... 
t: 
IIJ 
U 
E 
2 
0. 
E 
s.. 
'-
C 
III 
... 
en 
~ 
"0 
III 
CG 
40 
30 
20 
10 
o 
o 
Plume Boundary 
- - - - - Boundary Shock 
H 1 
r ; I I ~~_ l- '- -I ,....,..- ;-·--T- - . ' 
_ ____ , I I . I 
_. . ---.6. 
- -
50 K feet 
"1 
----' ~-----,--------~- ---.-------;----.............---~ 
. . -~ ;. I 
-:- r---L.. -
~ - ----'- I -- - -
-
-. 
10 20 30 40 50 60 70 80 ,n 100 
Axial Distance from Nozzle Exit Plane (ft) 
Fig.7 - Liquid B ooster Module Single Engine Plume Boundaries at Several Alt i tudes Assuming 
Dynam ic B ou ndary Conditions 
t"' 
~ 
en () 
I 
:z: 
~ 
121 () 
~ 
~ 
o 
-.J 
00 
A 
o 
a-
a-
- -, 
~ 
.. 
..... 
~ 
c: 
r-
~ ~ 
,.; ~ 
r .... ,., 0 
Q1 ,., 
0 U 
:r 
c E 2 
::l 
--' < 0. r-
r 
E ,., 
:::c 0 
~ 
..... 
» ..... XI N (') 
r C 
111 ~ 4J 
,., CI) 
2 Q 0 
2 
r-
.... 
::r. 
-0 
2 111 
C"l 0:: 
(') ,., 
2 
~ 
,.., 
:::c 
• 
80 _ -t--- ,--
70 
60 
5 0 
40 
30 
'~ 
---- , 
i-- - 1_ -,. ...... -- ... : 
l O l -" ,.-:;,..-
". ---r 50 K feet 
::;.-' ! , 
r I ' I 
---- -;--- :, --' - - -r-10 
.~ 
. 
:- --I 
I ' 
Location . J 
! 
o I '" . I , . 
o 10 20 30 40 50 60 70 80 90 
Axial Distance from Nozzle Exit Plane Cft) 
Fig. 8 - L iquid Booste r Module Equivalent Engine Plume Boundar ies at Several Altitudes 
Assuming Q uies c ent Boundary Conditions 
100 
~ 
en 
o 
I 
:x: 
~ 
P:I 
o 
..,;j 
~ 
tl 
-..I 
QI) 
• o 
0-
0-
--
LM C- HREC TR 0784066 
. b '('n u ' In PI' ' VlllU$ 'hulll' studi s that 
'ngin' n lh exha u:-l plum tf. Figur 9 pr nts 
cquivail'nt motor 
add rt!88 mullipl ' 
the same plum s as Fig .S x p. th fr st re m boundary conditions in-
lude th dynamt pI' ssurc . 
buti ns of plume PI' pt' rti ~ 
Figu r 'S 10 nd 11 p r e nt nt rline distri-
i u r 10 pr s nL nl rlin pitot total 
pr'ssur • t i 
"nt t! rllne M 
PI' SSlir 
h numb r 
nd d ~n it dtstt'i buti ns. igur 11 pr s nts 
nd t l i l mp r tur dl tributions. 
lJ 
l KHU D · HUNl I l RI. A ' I i ' N INllh' 1 NT f R 
r 
o 
r 
c 
z 
< 
~ 
r-
,... 
:0 
r"' 
.., 
» 
:0 
("') 
r 
~ 
z 
C) 
2 
r-
:r. 
2 
C) 
(') 
", 
2 
.... 
n 
:0 
'-
~ 
) 
P lume B ound a r y 
B oundar y Shoc k 
: 5°F~' 
:.::: 4 0 r 
... 
- ..-.-- -
.... 
E 30 
--::l 
1. 
100 K ....; --0 
~ 
~ 
0 
..:: l O 
(I r< fee t 
:;" 
u 
t: 
nS 
.... 
til 
---
-- -- .- -.... . ---. 
.-
- 10 
nS 
.-
-0 
nS 
~ 
0 
--------...."-0.. 
. ., -' 
I 1 
a 10 20 30 40 50 60 70 80 90 
Axial Distan c e from Nozzle Ex.it (ft) 
F ig.9 - Liquid B ooster Module Equivalent Engine Plume Boundaries at Several Altitudes 
A ssuming Dynamic Boundary Conditions 
JOO t'" ~ 
C1 
I 
:x: 
~ 
M 
C1 
.-f 
~ 
tj 
...., 
00 
~ 
o 
C7" 
C7" 
. .. 
N te: 
.t-OZ 1000 100000 
! i 
~ ............. .j....."""","""',,,,,,,,,,~ 1 00 t 0000 
III 
-
'" III a. 
-
'" 
'" 
a. ~ 
.. 
III ::I 
.. III 
::I .. 
-= '" 
III 
1000 .. ~ . I -
'" 0. 
.. 
0. ~ III U C 
.. f-o 
'" 
.. 
Vi ~ 
0. 
100 
_ __ ....... _ -!.._--'O . ) 10 
100 
A. , I 0 1111.111< .. II >11) ,7L It' r II 1' 1 n 11 
" ' .'.Ill - II Ule! ." fl' . I"d k'il 't.. nd Fqlll\'al,-nf r: n!l ln 
(', n ,-. Ian,- nit .. n Uli f I,'n" " r ' I f •• 1 n', II r.' 
n.lfy nd .... It I rOUit l'rl' slIur 
) <; 
l • HI I 0 HU", 1 S '1 1 ( 
.. ' I l,. /<Ill • [ Nil 
r-
'" :x ,.., 
,., 
o 
:x 
c 
z 
.... 
VI 
r-
r ,.., 
~ 
,.., 
III 
~ 
~ 
~ 
(") 
:I: 
Qo 
,., 
Z 
Cl 
z 
..... 
To 
Z 
Cl 
("') 
,.., 
Z 
.... 
;0 
..-
0' 
1-0 
Q) 
.D 
E 
:3 
Z 
..r:: 
u 
::E 
-
, 
... 
11 -.~-:--- r--
T he s e curves valid upstream of the Mach 
d i s c at each altitude. 
No t e: 
r" -
10 ~_L __ 
9 Numbe r .--.-
i -, 
8 
7 -----. "f 
----- --- - ----
6 _.- -----.- --
Engin e 
5 
4 
Temperature 
, 
3 
0 10 20 30 60 70 80 90 100 
Axial Distance h om Nozzle Exit (ft) 
Fig. 11 - L iquid Boob::~ r Mcduh.' Single and Equivalent Engine Centerline Distributions of Mach 
Number and Static Temperature 
3000 
2000 
1000 
II 
~ 
:s 
.. 
.. 
.... 
II 
0. 
E 
II 
f-4 
.... 
tIS 
.. 
U) 
k 
~ 
I 
:c 
~ 
tIJ 
n 
..; 
~ 
o 
~ 
CD 
... 
o 
0' 
0' 
LMSC-HREC TR D784066 
3. CONCLUSIONS AND HECOMMI::NDATIONS 
This report has prescnh.'d a definit ion of the LBM exhaust plumes at 
sea It.'vel and four additional altitudes to LBM cutoff. These data will aid 
in deh.·rminll1g the impact of the LBM l'xhaust plume on Space Shuttle vehicle 
dl'sign envi ronmcnts. It is rl'comm('nded that any Shuttle dt:,sign studies use 
these data to assess the LBM l'xhaust pluml~ dfl'ds on the Space Shuttle 
design cnVlronn1ent. 
Ii 
LOCKHUD· HUNTSVllll Rl~EAHCH & ENGINHJ..:ING CENTrR 
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